Introduction
Steel is one of the most commonly used structural materials. Fracture toughness is one of the most important fundamental mechanical properties of the steel, so that there have been a lot of studies to understand and improve it. It is widely known that fracture toughness is strongly affected by microstructures in steels. 1, 2) However, the quantitative relationship between the fracture toughness and the microstructures has not been sufficiently clarified. [3] [4] [5] [6] It is therefore significant to establish a theory to quantitatively predict the fracture toughness in order to effectively develop the material design of steels.
One of the major reasons of the difficulty for quantifying the influence of microstructures on fracture toughness is caused by the fact that there is a scatter of the fracture toughness as intrinsic nature. 7) Pineau et al. proposed a model to evaluate a scatter of cleavage fracture toughness based on the weakest-link theory, called as the Beremin model. [8] [9] [10] The effectiveness of the Beremin model has been widely known [11] [12] [13] and several modifications were proposed
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in the past, [14] [15] [16] [17] [18] [19] because it enables a quantitative evaluation of the scatter and size effect of structure on fracture toughness. However, these models are generally not intended to quantitatively predict fracture toughness caused by the microstructural factors, because they adopted the parameters for adjusting the experimental results of fracture toughness tests.
Some stochastic models to predict the influence of the microstructures on the fracture toughness were proposed by taking into account additional meanings of the microstructural factors on the Beremin model. 20, 21) The predictions of all the models were however limited to a unique steel, so that the applicability to the steels having different distributions of microstructures was not covered.
Shibanuma et al. recently proposed a prediction model of cleavage fracture toughness of ferrite-cementite steels, 22, 23) based on the microscopic fracture initiation process. 3, [24] [25] [26] As a result of application of the model to the fracture toughness test of the steels having various size of microstructures, the prediction results showed good accuracy with the actual experimental ones. The model was limited in an application to the steels having simple ferrite-cementite microstructures, so that the applicability of the model particularly to the steels actually used is a new issue to be solved in the future.
Ferrite-pearlite steel is one of the most widely used steels. It has been generally known that a cleavage fracture is initiated at the pearlite in a ferrite-pearlite steel. [27] [28] [29] [30] An example of SEM images of the fracture initiation site in pearlite obtained by a fracture toughness test is shown in Fig. 1 . Hiraide et al. developed a model to predict fracture toughness of the ferrite-pearlite steel, 31) as a modification of the model proposed by Shibanuma et al. 22, 23) The model was based on the microscopic fracture process composed of three stages: (I) Micro-crack formation in shear at pearlite grain; (II) Crack propagation into ferrite matrix; (III) Crack propagation across ferrite grain boundary, as shown in Fig. 2 . The prediction results successfully simulated the dependence of fracture toughness on temperature for a specified steel. However, the influence of geometric factors of microstructures, such as grain size and volume fraction of pearlite, on fracture toughness could not be quantitatively explained in the model. In addition, the model was developed based on the limited knowledge obtained by two-dimensional (2D) observations. That is, the shape of micro-crack was simply assumed as a circle whose diameter is corresponding with the thickness of pearlite band, as shown in Fig. 3 .
It is therefore necessary to modify the formulation of fracture process taking into account parameters describing microstructures in more detail. In particular, in order to correct the accuracy of the prediction model, it is essential to accurately study three-dimensional (3D) geometrical relationship between the micro-crack and microstructures of the ferrite-pearlite steels.
The technology of three-dimensional (3D) serial sectioning has recently shown remarkable development. It can promote deeper understanding in the morphology of materials than that of the conventional 2D observation. [32] [33] [34] [35] [36] [37] [38] However, there has not been a study to quantify the relationship between the shapes of micro-crack and microstructures in the ferrite-pearlite steels.
According to the above background, this paper presents a two-stage investigation in order to establish a basis to predict cleavage fracture toughness of ferrite-pearlite steels: (i) A characterization of the relationship between micro-cracks and microstructures based on the detailed 3D serial sectioning observation; (ii) A proposal of model to quantitatively relate the 3D geometric influence factors of microstructures to the fracture stress, which is one of the most essential factors to determine the fracture toughness.
Test Steels
This section shows foundational mechanical properties and quantifications of microstructures of employed ferritepearlite steel.
The chemical composition of the steel is shown in Table 1 . The employed steel was made as a sample based on the typical low carbon steel. After hot-rolling, ferrite-pearlite structures were made by combination of normalizing and cooling as shown in Table 2 . Representative mechanical properties of the steel are shown in Table 3 .
A sample was extracted from the thickness center of the steel plate. The cross section of the sample perpendicular Figure 4 shows the obtained optical micrograph of the test steel. After polishing by cross section polisher, the surfaces of 4 mm × 2 mm were measured by the EBSD method. 39 ) Grain boundary was defined as the boundary where misorientation was larger than 5°. To exclude pearlite grains, we carried out a cleanup processing where a threshold of image quality (IQ) was defined as the highest 25%. An inverse pole figure map with IQ of the raw data and an approximate ferrite grain map were obtained as the results of the cleanup processing are shown in Fig. 5 .
A shape of ferrite grain was approximated as sphere. The distribution of the 2D grain diameter was converted into 3D data based on the quantitative stereology. 40 ) Figure 6 shows the converted cumulative probability distributions of the ferrite grain diameter d.
The pearlite band thickness t was measured by image analysis for the optical micrographs. The image obtained by optical microscope observation was binarized as shown in Fig. 7(a) . The area of 4 px (2.08 μm) width was then extracted with 50 px (26.04 μm) interval in pearlite band direction. The thickness t was evaluated as the height of the equivalent rectangle of the measured area of 4 px in width. A schematic diagram of the measurement process is shown in Fig. 7 (b). The larger pearlite grain has the higher possibility to be measured by the above process. Therefore, the measured data was weighted by the inverse of thickness under the assumption that the aspect ratios of pearlite grains were approximately equivalent. The obtained distribution of the pearlite band thickness t is shown in Fig. 8 . It is noted that the vertical axis of the graphs in Fig. 8 denotes the cumulative probability of equivalent area fraction, which was defined as the cumulative probability of number weighted by a square of pearlite grain thickness.
Characterization of the Relationship between Microcracks and Microstructures
In order to accurately predict cleavage fracture toughness of ferrite-pearlite steels, it is significant to clarify the geometrical relationship between micro-cracks and microstructures. In this section, a foundational characterization of the relationship between micro-cracks and microstructures of ferrite pearlite steel is presented by using a 3D serial sectioning observation technique.
Tensile Test Using Notched Specimen
In order to make a sample to observe residual microcracks, it is required to conduct an experiment where the fracture condition in the stage (I) is satisfied but that of the stage (II) is not satisfied (see the process of the cleavage fracture initiation as shown in Fig. 2 . The stage (I) of the fracture process is a micro-crack nucleation in shear at pearlite grain, which is approximately described as strainbased fracture. [27] [28] [29] [30] On the other hand, the stage (II) of the fracture process is crack propagation into ferrite matrix, which is approximately described as stress-based fracture.
3)
Based on the above consideration, the quasi-static tensile test was conducted using circumferential notched round bar specimen as shown in Fig. 9 .
The test temperature was − 120°C and the loading rate was 2 mm/min. A gage displacement was determined so that the equivalent plastic strain at the minimum cross section corresponds to 0.7 because it is necessary to generate micro cracks without rupturing the specimen. This condition was determined by a preliminary elasto-plastic finite element analysis using Abaqus.
41) The finite element model considered axial and plane symmetries. Figure 10 shows the mesh of the finite element model. Figure 11 shows the numerical results of the equivalent plastic strain field and deformation of the specimen.
After the equivalent plastic strain reached 0.7, the load was released. The specimen was cut in the axis direction and then an observation sample of 10 mm in length was produced at the center of specimen.
3D Serial Sectioning Observation
After the tensile test, micro-cracks in the specimen were measured by a 3D serial sectioning observation technique. We employed Genus_3D, which is a full-automatic serial sectioning equipment. 42 ) Figure 12 shows the architecture of Genus_3D. Micrographs before and after 1% nital etching were taken in the serial sectioning procedure. In the following descriptions, the observations on the non-etched and etched surfaces are named as Observation (1) and Observation (2), respectively. A flowchart of the serial sectioning procedure is shown in Fig. 13 .
Optical micrographs of 175 sections were obtained at every step of 0.745 μm in depth for polishing per section in both Observation (1) and Observation (2) . As a result, the common field of view for the micrographs was 3 190 μm × 2 400 μm and the accumulated serial sectioning depth was 129.6 μm in total.
Building of 3D images of micro-cracks and microstructures were performed by Avizo. 43 ) Figure 14 shows a schematic of the procedure to build the 3D images. The images of the non-etched sections obtained by Observation (1) were used to build 3D images of micro-cracks. The images of the etched sections obtained by Observation (2) were used to build 3D image of microstructures. Both the images were first cleaned up to remove polishing flaws, voids and inclusions. The respective 3D images of micro-cracks were independently built by the extracted serial sectioning images obtained by Observation (1). The micro-cracks of less than 10 μm in length cannot be obtained due to observation accuracy. As a result, 42 micro-cracks with entire shape were obtained as 3D images. On the other hand, the 3D images of microstructures were directly built by using the cleaned up serial sectioning images obtained by Observation (2) . In order to clarify micro-crack initiation sites, 3D images of micro-cracks and microstructures were superposed. Figure 15 shows an example of a perspective view of micro-crack in pearlite, which is the close-up of "E" on the cross section of 3D structural image in Fig. 14. The reason of the crack opening is expected to be due to plastic deformation after the crack forming.
Results of Formation of Micro-crack
From the results of 3D superposed image, it is clearly found that all of the observed micro-cracks were formed inside pearlite bands. In addition, the number of 38 (90.5%) observed micro-cracks among 42 observed micro-cracks in total were across pearlite bands. Furthermore, the other 4 were not across the pearlite bands but all the micro-cracks in pearlite were commonly formed adjacent to the boundaries between ferrite and pearlite. It is therefore consequently found that the micro-crack initiates at the ferrite-pearlite boundary and then stably propagates though the inside of the pearlite grain. The results is coincident with the conventional knowledge that the first stage of the cleavage fracture initiation process is the micro-crack formation in shear at pearlite grains, as shown in the stage (I) in Fig. 2. 3,27-30)
Characterization of Micro-crack
An example of a perspective view of micro-cracks is shown in Fig. 16 , which is the same micro-crack in Figs. 14 and 15. In order to characterize micro-cracks, the shape of micro-crack is approximated to be an ellipse. The distributions of measured major axis a and minor axis b of the ellipses are shown in Fig. 17 , together with those of the ferrite grain diameter d and the pearlite band thickness t shown in Figs. 6 and 8. It is noted that the vertical axis of the graphs in Fig. 17 denotes the cumulative probability of equivalent area fraction. The results shows that the distribution of a is close to that of d except in the range of less than 10 μm in length, where the micro-cracks could not be measured due to the observation accuracy. The results also shows that b was distributed between the d and t.
The cumulative probability distribution of aspect ratio of the measured micro-cracks, i.e., b/a, is shown in Fig.  18 . The representative values of b/a for 5%, 50% and 95% cumulative probabilities are shown in Table 4 . The results showed that the aspect ratio b/a was distributed in a wide range.
Applicability of the Characterization
Although it was difficult accurately to measure the grain size of pearlite in the rolling direction, the grain size of pearlite in the rolling direction can be assumed to be approximately equivalent to the ferrite grain diameter d as shown in Fig. 19 , which is the close up as an example of F in Fig. 5 . In addition, it can be expected that almost all micro-cracks initiated at the ferrite-pearlite boundary were propagated though the inside of the pearlite band, as described in Section 3.2.2. It can be therefore assumed that the size of pearlite grain in the rolling direction is almost equivalent to the major axis of micro-crack a.
The results in the above present study were obtained by using a sample of the typical low carbon steel described in Section 2. Although the different tendency from the result in Fig. 17 might be obtained for high carbon steels due to the reversal of mutual size relationship between ferrite and pearlite gains, it can be expected that the result in Fig. 17 is applicable to the arbitrary low carbon ferrite-pearlite steels with a similar tendency on the mutual size relationship between ferrite and pearlite gains. It is because the size of the pearlite grain in the rolling direction is assumed to be close to that of ferrite grains as described in Fig. 19 , so that the major axis of the micro-crack in the pearlite grain is consequently close to the ferrite grain size. According to the above discussion, it is suggested that it is essential for quantification of the fracture behaviors to take into account the distributions of the size and shape of the micro-cracks as well as the relationship between microcracks and microstructures.
Discussion for Fracture Initiation Modeling
In the fracture process of the steel having ferrite-pearlite microstructures as shown in Fig. 2 , 31) it is found in Section 3 that the shape of a micro-crack gives an influence on fracture condition in the stage (II), which is the propagation of the crack in pearlite grain into ferrite matrix. That is, the results of the observation in Section 3 showed a probability that the shape of a micro-crack can be approximately quantified by the sizes of ferrite grain and pearlite band thickness. In this section, we propose a model to relate microstructures of ferrite-pearlite steel to the fracture stress, which is one of the most essential factors to determine fracture toughness. The model is based on the results of 3D observation shown in Section 3. The effectiveness of the proposed 3D model is discussed by comparing with the conventional 2D model proposed by Hiraide et al., 31) which was based on results of the conventional 2D observation and the simplified microcrack model.
Conventional Model

31)
Based on the 2D observations of the micro-cracks in ferrite-pearlite steels, Hiraide et al. formulated the fracture stress as the fracture condition of the stage (II), related with the microstructural factors. 31) They assumed a shape of cross section of pearlite grain to be an ellipse. The major axis and minor axis of the ellipse corresponded with neighbor ferrite grain diameter d and pearlite band thickness t, respectively. A schematic of the model is shown in Fig. 19(a) .
A length of micro-crack b was calculated as that of a segment along the {110} plane where the maximum resolved shear stress acts, expressed as
where θ is the angle between a crack and the minor axis of the ellipse (see Fig. 19(a) ).
It is difficult to estimate the depth of the crack in 2D observation. Hiraide et al. thus simply assumed the shape of the micro-crack to be a circle.
31) The fracture stress σ f(2D) of the circle crack in solid was calculated based on the Griffith theory, as 44) σ π γ ν
where E is a Young's modulus, ν is a Poisson ratio and γ is effective surface energy a propagation of crack at a pearlite grain into ferrite matrix.
26)
Proposed Model
As presented in the results of the 3D observation on the micro-cracks in the ferrite-pearlite steel in Section 3, the shape of micro-crack could be modeled as an ellipse. According to the results in Fig. 17 , the distribution of the major axis of crack a was good agreement with that of the ferrite grain diameter d. On the other hand, the distribution of the minor axis of crack b was an intermediate between those of the ferrite grain diameter d and pearlite band thickness t. Based on the fact, the shape of a pearlite grain is assumed as an oblate spheroid whose major axis and minor axis correspond with d and t, respectively, as shown in Fig. 19(b) . If a micro-crack is formed through at the center of a spheroid, this assumption is consistent with the observation results that the distribution of a was coincident with that of d and the distribution of b was an intermediate between the distributions of d and t. As a result, the shape of the micro-crack can be approximated as an ellipse corresponding to those of observation results obtained in Section 3.
The fracture stress of the ellipse micro-crack is formulated as below. The stress intensity factor K I at the point P on the crack front of angle φ from the major axis is expressed as (see Fig. 19 
. (4)
A fracture initiates at the point of the maximum K I , which is obtained at φ = π/2. In addition, the fracture stress σ f(3D) is defined as the value of σ when the maximum K I reaches the local fracture toughness K Ic . Thus, (6) where E′ is the effective Young's modulus expressed as E′ = E/(1 − ν 2 ) due to plain strain condition.  c is also expressed by γ, as According to Eqs. (5), (6) and (7), the fracture stress of the ellipse crack σ f(3D) is given as
Equation (8) is coincident with Eq. (2) when a = b. Figure 20 shows the difference of the shape of microcrack in pearlite grain between the conventional and pro-posed models presented in Section 4.1 and Section 4.2, respectively. Figure 21 shows the comparison between the fracture stresses σ f(2D) (for conventional model shown in Eq. (2)) and σ f(3D) (for proposed model shown in Eq. (8)). In this graph, the horizontal axis is normalized as an aspect ratio of crack b/a. It is noted that the respective results of σ f(2D) and σ f(3D) in the vertical axis are also normalized by σ f0 , which is defined as σ f(2D) and σ f(3D) with circle crack of diameter a. As a result, it is found that there was a remarkable difference between the values of the conventional 2D and proposed 3D models. In particular, it is expected from the relationship between fracture stress and fracture toughness that the fracture toughness of the conventional 2D model is much higher than that of the proposed 3D one.
Comparison between Two Models
To investigate in more detail the difference of the proposed 3D model from the conventional 2D model, the ratio of the fracture stress r f ( = σ f(3D) /σ f(2D) ) is shown in Fig. 22 . The aspect ratios b/a for the cumulative probabilities of 5%, 50% and 95% , which were observed in the actual ferritepearlite steel described in Table 4 in Section 3, are also shown in the graph, respectively. In particular, the values of σ f(3D) for 50% and 5% cumulative probabilities of b/a in the actual micro-crack shape are less than those of σ f(2D) by 23.2% and 30.7%, respectively. These differences are a significant meaning for the actual use of the structural steels, as mentioned above in Fig. 20 . That is, it is expected that the fracture toughness of the conventional 2D model is 20-30% higher than that of the proposed 3D one. That is, it is suggested that the stress intensity factor of the circle crack of simply assumed conventional model based on the 2D observation is much lower than that of the accurately proposed ellipse crack model based on the detailed 3D observation. Therefore, the proposed 3D model is the first model providing a potential accurately to quantify the geometric influence factors of microstructures on fracture toughness of ferrite-pearlite steel, which could not be solved by the conventional 2D model.
Conclusions
In order to establish a basis to predict cleavage fracture toughness of ferrite-pearlite steels, a two-stage investigation was performed: (i) A foundational characterization of the relationship between micro-cracks and microstructures based on a 3D serial sectioning observation; (ii) A proposal of model to quantitatively relate the geometric influence factors of microstructures to the fracture stress, which is one of the most essential factors to determine the fracture toughness.
The 3D serial sectioning observation was performed in order to investigate the relationship between micro-cracks and microstructures. A quasi-static tensile test was conducted using circumferential notched round bar specimen to make a sample to observe micro-cracks. In the 3D serial sectioning observation, two types of micrographs before and after nital etching were taken to obtain 3D images of micro-cracks and microstructures, respectively. As a result of superposition of both the 3D images of micro-cracks and microstructures, it is found that most of the micro-cracks were across pearlite bands and the others were not across the pearlite bands but all the micro-cracks were commonly initiated at the boundaries between ferrite and pearlite. It indicated that the micro-crack initiates at the boundary between ferrite and pearlite and then stably propagates into inside of the pearlite grain. The shapes of the respective micro-cracks of the 3D images were approximated as ellipses. The results of the quantification showed that the distribution of major axis of micro-crack was close to that of the ferrite grain diameter and the distribution of miner axis was an intermediate between the distributions of ferrite grain diameter and pearlite band thickness. Although the above results were obtained by using a sample of the typical low carbon steel, it is expected to be applicable to arbitrary low carbon ferrite-pearlite steels because the size of the pearlite grain in the rolling direction is consequently close to that of ferrite grains for low carbon ferrite-pearlite steels.
We then proposed a model to relate microstructures of ferrite-pearlite steel to the fracture stress, based on the above 3D observation results. In the model, the shape of a pearlite grain was assumed as an oblate spheroid whose major axis and minor axis corresponding with ferrite grain diameter and pearlite band thickness, respectively. The oblate spheroid assumption is consistent with shape and size of the approximated ellipse micro-crack formed in the pearlite grain as well as the 3D observation results. The fracture stress evaluated by the proposed 3D model was compared with that of the conventional 2D observation based model. It is shown that the fracture stresses corrected by the proposed 3D model were 20-30% less than those evaluated by the conventional 2D model under the aspect ratio of shape for micro-cracks observed in the actual steel. This means that the fracture toughness of the conventional model is evaluated much higher than that of the proposed model due to essential difference on accuracy of modeling between conventional and proposed models. The proposed 3D model is the first model providing a potential accurately to quantify the geometric influence factors of microstructures on fracture toughness of ferrite-pearlite steel, which could not be solved by the conventional 2D model. Therefore, we can give a valuable basis to develop an accurate fracture toughness prediction model of ferrite-pearlite steel based on the 3D observation.
